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Fig. 3 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 9 
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SUBSTRATE PROCESSING APPARATUS 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATION 

[0001] This US. non-provisional patent application claims 
priority under 35 U.S.C. § 119 of Japanese Patent Application 
Nos. 2008-023677, ?led on Feb. 4, 2008, and 2008-320353, 
?led on Dec. 17, 2008, in the Japanese Patent Of?ce, the 
entire contents of Which are hereby incorporated by refer 
ence. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] The present invention relates to a substrate process 
ing apparatus, and more particularly, to a batch type remote 
plasma processing apparatus. 
[0004] For example, the present invention relates to a 
method for fabricating a semiconductor integrated circuit 
(hereinafter, referred to as an IC), Which can be effectively 
used When depositing an insulation ?lm or a metal ?lm on a 

semiconductor Wafer (hereinafter, referred to as a Wafer) used 
to fabricate a semiconductor IC including a semiconductor 
device. 
[0005] 2. Description of the PriorArt 
[0006] In IC fabrication methods, a batch type remote 
plasma processing apparatus has been proposed as a substrate 
processing apparatus for forming a ?lm on a Wafer at loW 
temperature (for example, see Patent Document 1). 
[0007] Such a batch type remote plasma processing appa 
ratus alWays monitors temperature variation or pressure 
variation and gas ?oW rate variation in a process chamber in 
order to prevent undesired results such as an insuf?cient ?lm 
thickness When a Wafer is processed. 
[0008] HoWever, in the above-described batch type remote 
plasma processing apparatus, a voltage standing Wave is gen 
erated because a pair of electrodes is opened at their front 
ends and is not matched With the impedance of an electrical 
Wire. Therefore, the voltage amplitude is large at the front 
ends of the pair of the electrodes and is decreasing as closer to 
a high-frequency poWer source, and becomes a minimum 
value and then again increases. 
[0009] Since the difference in the voltage amplitude 
according to locations of the pair of the electrodes causes the 
variation of plasma intensity according to locations, the batch 
type remote plasma processing apparatus has a problem that 
cannot process a plurality of stacked Wafers uniformly. 

SUMMARY OF THE INVENTION 

[0010] Therefore, an object of the present invention is to 
provide a substrate processing apparatus Which is capable of 
preventing non-uniform processing caused by non-unifor 
mity of a voltage distribution. 
[0011] According to an aspect of the present invention, 
there is provided a substrate processing apparatus, compris 
ing: a process chamber con?gured to accommodate loaded 
substrates; a gas supply system con?gured to supply a process 
gas to the substrates; a pair of electrodes arranged in a stacked 
direction of the substrates; a high-frequency poWer source 
con?gured to supply a hi gh-frequency poWer to the pair of the 
electrodes to generate plasma for exciting the process gas; a 
variable impedance element connected to a front end opposite 
to the high-frequency poWer source in the pair of the elec 
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trodes; and a control unit con?gured to change an output 
frequency of the high-frequency poWer source during the 
processing of the substrates. 
[0012] According to another aspect of the present inven 
tion, there is provided a substrate processing apparatus, com 
prising: a reaction tube con?gured to accommodate sub 
strates and partitioned into a ?lm forming space Where 
desired ?lms are formed on the substrates, and a plasma 
generation space Where plasma is generated; a ?rst gas supply 
system con?gured to supply a ?rst process gas to the ?lm 
forming space; a second gas supply system con?gured to 
supply a second process gas to the plasma generation space; 
a pair of electrodes disposed in the plasma generation space; 
a high-frequency poWer source con?gured to supply a high 
frequency poWer to the pair of the electrodes to generate 
plasma for exciting the second process gas; a variable imped 
ance element connected to a front end opposite to the high 
frequency poWer source in the pair of the electrodes; and a 
control unit con?gured to control at least the ?rst gas supply 
system, the second gas supply system, and the high-fre 
quency poWer source, Wherein the control unit controls the 
?rst gas supply system, the second gas supply system and the 
high-frequency poWer source so that the ?rst process gas and 
the second process gas excited by the plasma are alternately 
supplied to form a ?lm on the surface of the substrate, and the 
control unit changes the output frequency of the high-fre 
quency poWer source during the generation of the plasma. 
[0013] According to another aspect of the present inven 
tion, there is provided a method for manufacturing a semi 
conductor device, the method comprising: (a) loading a sub 
strate into a process chamber; (b) exposing the substrate to a 
?rst process gas; (c) exhausting the ?rst process gas; (d) 
exposing the substrate to a second process gas Which is 
plasma-excited by applying a high-frequency poWer from a 
high-frequency poWer source to a pair of electrodes; (e) 
exhausting the second process gas; and (f) unloading the 
substrate from the process chamber, Wherein a ?lm is formed 
on the substrate by repeating the operations (b)~(e) alter 
nately a plurality of times, and the output frequency of the 
high-frequency poWer source is changed in the operation (d). 
[0014] According to another aspect of the present inven 
tion, there is provided a substrate processing apparatus, com 
prising: a reaction tube con?gured to accommodate a plural 
ity of substrates in stacks and form a substrate processing 
space; a Wall member comprising a plurality of small holes 
installed in a substrate stacking direction and forming a buffer 
space of a process gas together With a part of a Wall of the 
reaction tube; a gas supply unit communicating With the 
inside of the buffer space and supplying the process gas into 
the buffer space; a pair of electrodes disposed inside the 
buffer space to form an activation region of a reaction gas; a 
high-frequency poWer source supplying a high-frequency 
poWer to the pair of electrodes and generating plasma for 
activating the process gas, Wherein the gas supplied from the 
gas supply unit is activated inside the buffer space, and the 
substrate is processed by introducing the activated gas into 
the substrate processing space through the plurality of small 
holes; a variable impedance element connected to a front end 
opposite to the high-frequency poWer source in the pair of the 
electrodes; and a control unit con?gured to change an output 
frequency of the high-frequency poWer source during the 
processing of the substrates. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 is a schematic perspective vieW of a substrate 
processing apparatus relevant to an embodiment of the 
present invention. 
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[0016] FIG. 2 is a front sectional vieW illustrating main 
parts of the ALD apparatus. 
[0017] FIG. 3 is a plan sectional vieW showing circuit dia 
gram along line III-III of FIG. 2. 
[0018] FIG. 4A is a side sectional vieW shoWing an imped 
ance element, FIG. 4B is an equivalent circuit diagram of a 
variable impedance element, FIG. 4C is a graph shoWing a 
voltage distribution, and FIG. 4D is a graph shoWing an 
impedance variation With respect to a frequency of a parallel 
resonance circuit. 

[0019] FIG. 5 is a side sectional vieW shoWing a ?lm pro 
cess. 

[0020] FIG. 6 is a plan sectional vieW including a circuit 
diagram shoWing a ?rst step of an ALD method. 
[0021] FIG. 7 is a plan sectional vieW including a circuit 
diagram shoWing a second step of the ALD method. 
[0022] FIG. 8 is a plan sectional vieW including a circuit 
diagram shoWing a third step of the ALD method. 
[0023] FIG. 9A is a side sectional vieW shoWing an imped 
ance element of a comparative example, and FIG. 9B is a 
graph shoWing a voltage distribution of the comparative 
example. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0024] Hereinafter, an embodiment of the present invention 
Will be described With reference the attached draWings. 
[0025] A substrate processing apparatus relevant to the 
present invention is con?gured by an Atomic Layer Deposi 
tion (ALD) apparatus Which performs an ALD method. The 
ALD method is one of plasma CVD methods for forming a 
?lm on a substrate such as a Wafer by using plasma. 
[0026] The ALD method is a method Which forms a ?lm by 
using a surface reaction. Speci?cally, the ALD method is a 
method Which makes ?lm forming gases adsorbed on the 
substrate With atomic unit by supplying tWo (or more) kinds 
of the ?lm forming gases used for ?lm formation sequentially 
and alternately under certain ?lm forming conditions (tem 
perature, time, and the like). 
[0027] For example, When forming a silicon nitride (SiNx) 
layer, the ALD method can form a high-quality ?lm at a loW 
temperature of 300-600° C. by using dichlorosilane 
(SiH2Cl2: DCS) gas and ammonia (NH3) gas. 
[0028] A plurality of kinds of reactive gases are sequen 
tially supplied one by one. 
[0029] The control of ?lm thickness may be performed by 
number of cycles of the reactive gas supply. For example, 
assuming that a ?lm forming speed is l A/cycle, a 20 A ?lm 
is formed by 20 cycles of supplying the plurality of kinds of 
gases. 
[0030] As shoWn in FIG. 1, the ALD apparatus 10 relevant 
to the current embodiment includes a housing 11, and a cas 
sette delivery unit 12 is installed at the front side of the 
housing 11. The cassette delivery unit 12 includes a cassette 
stage 13 can accommodate tWo cassettes 2 used as Wafer 
carriers. The cassette stage 13 rotates 90 degrees to place the 
cassettes 2 at a horiZontal position. 
[0031] TWo Wafer position matching devices 14 are 
installed under the cassette stage 13. 
[0032] The cassettes 2 are transferred to the cassette stage 
13 by an external transfer device (not shoWn). The cassettes 2 
transferred by the external transfer device are placed on the 
cassette stage 13 at a vertical position (a state that the Wafers 
1 accommodated in the cassettes 2 are placed vertically). 
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[0033] The Wafer position matching devices 14 match the 
positions of the Wafers 1 accommodated in the cassettes 2 so 
that notches or orientation ?ats of the Wafers 1 are arranged in 
the same direction. 
[0034] Inside the housing 11, a cassette shelf 15 is installed 
to face the cassette delivery unit 12, and a standby cassette 
shelf 16 is installed above the cassette delivery unit 12. 
[0035] A cassette transfer device 17 is installed betWeen the 
cassette delivery unit 12 and the cassette shelf 15. The cas 
sette transfer device 17 includes a robot arm 18 Which can 
advance or retreat in a forWard or backWard direction, and the 
robot arm 18 is designed to move transversely and elevate 
upWard and doWnWard. 
[0036] The robot arm 18 transfers the cassettes 2 placed on 
the cassette stage 13 at the horiZontal position toWard the 
cassette shelf 15 or the standby cassette shelf 16 in coopera 
tion With the advance, retreat and transverse movements. 
[0037] At the rear side of the cassette shelf 15, a Wafer 
transfer device 19 is installed. The Wafer transfer device 19 is 
designed to be rotatable and elevatable. The Wafer transfer 
device 19 transfers a plurality of Wafers 1 in a batch manner. 
The Wafer transfer device 19 includes a Wafer holing unit 20 
Which can advance and retreat, and a plurality of Wafer hold 
ing plates 21 are horiZontally installed in the Wafer holding 
unit 20. 
[0038] The Wafer transfer device 19 may be designed to 
transfer the Wafers 1 one by one. 
[0039] At the rear side of the Wafer transfer device 19, a 
boat elevator 22 is installed so that it elevates a boat 25 Where 
a plurality of Wafers 1 are held. 
[0040] On an arm 23 of the boat elevator 22, the boat 25 is 
horiZontally installed via a seal cap 24. 
[0041] As shoWn in FIG. 2, the seal cap 24 has a disk shape 
having an outer diameter greater than an inner diameter of a 
furnace throat 33 of a process tube 31. The seal cap 24 
contacts the bottom surface of the process tube 31 via a seal 
ring 24a, so that the furnace throat 33 of the process tube 31 
is closed. 
[0042] On the centerline of the seal cap 24, the boat 25 
vertically stands and is supported via an insulating cap 26. 
[0043] On the centerline of the seal cap 24, a rotation shaft 
27 is inserted. The rotation shaft 27 elevates With the seal cap 
24 and also is rotated by a rotation driving device 28. A 
support plate 29 is horiZontally ?xed on the rotation shaft 27, 
and the boat 25 is installed on the support plate 29 so that it 
vertically stands and is supported via the insulating cap 26. 
[0044] The boat 25 includes a pair of end plates 25a and 
25b, and a plurality of holding members 250 (three holding 
members are used in the current embodiment) arranged ver 
tically betWeen the end plates 25a and 25b. At each of the 
holding members 250, a plurality of pairs of holders 25d are 
arranged at regular intervals in a longitudinal direction, and 
are recessed so that they are opened to face one another Within 
the same plane. 
[0045] As the outer periphery parts of the Wafers 1 are 
inserted into the plurality of pairs of the holders 25d of the 
holding members 250, the plurality of Wafers 1 are arranged 
and supported inside the boat 25 at a horiZontal position, With 
their centers aligned. 
[0046] As shoWn in FIG. 2 to FIG. 4, theALD apparatus 10 
includes a process fumace 30, and the process fumace 30 
includes a process tube 31. The process tube 31 is made of 
quartz (SiO2) in an integrated form. The process tube 31 is 
formed in a cylindrical shape so that one end is opened and the 
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other end is closed. The process tube 31 is longitudinally 
installed so that its centerline becomes vertical, and is ?xedly 
supported. 
[0047] The cylindrical holloW part of the process tube 31 
de?nes a process chamber 32 Which accommodates and pro 
cesses the plurality of Wafers 1. A loWer opening of the 
process tube 31 forms a furnace throat 33 through Which the 
Wafers 1 enters and exits. The inner diameter of the process 
tube 3 1 is set to be larger than the maximum outer diameter of 
the Wafer 1 to be treated. 
[0048] At the outside of the process tube 31, a heater unit 34 
is installed concentrically to surround the process tube 31. 
The heater unit 34 heats the Whole process chamber 32 at a 
uniform temperature distribution or a predetermined tem 
perature distribution. 
[0049] The heater unit 34 is supported to the housing 11 of 
the ALD apparatus 10 so that it is vertically ?xed. 
[0050] One end of an exhaust pipe 35 is connected to a part 
of the sideWall of the process tube 31 near the furnace throat 
33. As shoWn in FIG. 3, the other end of the exhaust pipe 35 
is connected to a vacuum pump 36 via a variable ?oW rate 
control valve 37. The exhaust pipe 35 vacuum-exhausts the 
process chamber 32. 
[0051] The variable ?oW rate control valve 37 controls 
pressure of the process chamber 32 by controlling exhaust 
volume through the adjustment of opening of the valve. 
[0052] At the process tube 31, one end ofa gas supply pipe 
38 is connected at an about l80-degree opposite position to 
the exhaust pipe 35 installed at the sidewall near the furnace 
throat 33. As shoWn in FIG. 3, the other end of the gas supply 
pipe 38 is connected to a gas supply source 39. The gas supply 
source 39 supplies a predetermined gas species in the ALD 
method. A variable ?oW rate control valve 40, an upstream 
on-off valve 41, a gas tank 42 and a doWnstream on-off valve 
43 are installed sequentially from the gas supply source 39 to 
the gas supply pipe 38. 
[0053] At the process tube 31, a partition Wall 44 having an 
approximately quadrate tubular shape is disposed in a region 
facing the gas supply pipe 38. The partition Wall 44 is dis 
posed in parallel to the inner periphery of the process tube 31 
in a vertical direction. The partition Wall 44 de?nes a gas 
supply chamber 45. 
[0054] As shoWn in FIG. 4, a plurality of bloWout openings 
46 are formed at the partition Wall 44, and the bloWout open 
ings 46 are faced betWeen the Wafers 1 Which are vertically 
adjacent Within the boat 25. The bloWout openings 46 uni 
formly bloW out the gas supplied to the gas supply chamber 
45. 
[0055] When the differential pressure betWeen the gas sup 
ply chamber 45 and the process chamber 32 is small, it is 
preferable that the bloWout openings 46 have the same open 
ing area and are arranged at the same opening pitch from the 
upstream side toWard the doWnstream side. 
[0056] However, When the differential pressure betWeen 
the gas supply chamber 45 and the process chamber 32 is 
large, it is preferable that the bloWout opening 46 has the 
increasing opening area from the upstream side to the doWn 
stream side, or are arranged at the smaller opening pitch from 
the upstream side toWard the doWnstream side. 
[0057] At the process tube 31, the partition Wall 47 having 
the approximately quadrate tubular shape is disposed at a 
position spaced apart about 90 degrees from the exhaust pipe 
35 installed at the sideWall near the fumace throat 33, and the 
partition Wall 47 also is disposed in parallel to the inner 
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periphery of the process tube 31 in a vertical direction. The 
partition Wall 47 (hereinafter, referred to as a plasma chamber 
Wall) de?nes a plasma chamber 48. 
[0058] As shoWn in FIG. 3, at the plasma chamber Wall 47, 
the inWard sideWall has an arc-shaped cross section, and the 
circumferential Width is about 60 degrees. At the plasma 
chamber Wall 47, a plurality of bloWout openings 49 are 
formed at the end part of the exhaust pipe 35 of the inWard 
sideWall, and the plurality of bloWout openings 49 are faced 
betWeen the Wafers 1 Which are vertically adjacent Within the 
boat 25. The bloWout openings 49 uniformly bloW out the gas 
supplied to the plasma chamber 48. 
[0059] The phase difference betWeen the bloWout opening 
49 of the plasma chamber Wall 47 and the bloWout opening 46 
of the partition Wall 44 de?ning the gas supply chamber 45 is 
set to about 120 degrees. 
[0060] When the differential pressure betWeen the plasma 
chamber 48 and the process chamber 32 is small, it is prefer 
able that the bloWout openings 49 of the plasma chamber Wall 
47 have the same opening area and are arranged at the same 
opening pitch from the up stream side toWard the doWnstream 
side. 
[0061] HoWever, When the differential pressure betWeen 
the plasma chamber 48 and the process chamber 32 is large, it 
is preferable that the bloWout opening 49 has the increasing 
opening area from the upstream side to the doWnstream side, 
or are arranged at the smaller opening pitch from the upstream 
side toWard the doWnstream side. 

[0062] At the process tube 31, one end of a gas supply pipe 
50 is connected at an opposite position to the bloWout opening 
49 disposed at the sideWall near the furnace throat 33. The 
other end of the gas supply pipe 50 is connected to a gas 
supply source 51, and the gas supply source 51 supplies a 
predetermined gas species in the ALD method. 
[0063] A variable ?oW rate control valve 52 and an on-off 
valve 53 are installed sequentially from the gas supply source 
51 to the gas supply pipe 50. 
[0064] At the gas supply pipe 50, one end ofa noZZle 54 is 
connected to the inner end of the plasma chamber Wall 47, and 
the noZZle 54 stands vertically. At the noZZle 54, a plurality of 
gas supply holes 55 are arranged at regular intervals in a 
vertically direction and are formed inWardly in a circumfer 
ential direction. 

[0065] At the inside of the plasma chamber 48, a pair of 
protecting pipes 56 are adj acently installed in a vertical direc 
tion. The pair of the protecting pipes 56 are symmetrically 
installed at opposite sides With respect to the centerline of the 
plasma chamber 48. 
[0066] Each of the protecting pipes 56 is made of a dielec 
tric material and has an elongated circular pipe shape, and its 
upper end is closed. A loWer end of each of the protecting 
pipes 56 is properly curved and passes through the sideWall of 
the process tube 31 and protrudes to the outside. 
[0067] The holloW part of each of the protecting pipes 56 
communicates With the outside (atmospheric pressure) of the 
process chamber 32. 

[0068] At the tWo protecting pipes 56, a pair of discharge 
electrodes 57 is installed concentrically inside the holloW 
part. The tWo discharge electrodes are made of a conductive 
material and have an elongated rod shape. 
[0069] A high-frequency poWer source 58 applying a high 
frequency poWer is electrically connected betWeen the tWo 
discharge electrodes 57 via a matching device 59. 
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[0070] The high-frequency power source 58 and the match 
ing device 59 are controlled by a controller 60. 
[0071] The controller 60 controls the variable ?oW rate 
control valves 37, 40 and 52 or the on-off valves 41, 43 and 53 
and the heater unit 34. 
[0072] As shoWn in FIG. 4A, a mounting pipe 61 is con 
nected betWeen the upper ends of the tWo protecting pipes 56, 
and the mounting pipe 61 is air-tightly sealed. At the inside of 
the mounting pipe 61, a variable impedance element 62 is 
installed. Both ends of the variable impedance element 62 are 
electrically connected to the high-frequency poWer source 58 
of the tWo discharge electrodes 57. 
[0073] The variable impedance element 62 is con?gured by 
a parallel resonance circuit 63 shoWn in FIG. 4(B). The par 
allel resonance circuit 63 includes a coil 64 and a variable 
condenser 65 arranged in parallel, and both ends of the par 
allel resonance circuit 63 are connected in series to the tWo 
discharge electrodes 57. Due to such a shorted con?guration, 
a re?ecting phase angle can be changed. At this point, an 
overlapping phase of a traveling Wave and a re?ected Wave is 
changed. 
[0074] Explanation Will be given on a ?lm forming process 
in an IC fabrication method using the ALD apparatus 10 
having the above-described structure. 
[0075] First, a Whole operation of the substrate processing 
apparatus Will be described. 
[0076] As shoWn in FIG. 2, a plurality of Wafers 1 as sub 
strates to be processed in the ALD apparatus 10 are charged 
into the boat 25 by the Wafer transfer device 19. 
[0077] The boat 25 charged With the plurality of Wafers 1 is 
moved upWard by the boat elevator 22, together With the seal 
cap 24 and the rotation shaft 27, and is loaded into the process 
chamber 32 of the process tube 31. 
[0078] As shoWn in FIG. 5, When the boat 25 holding a 
group of the Wafers 1 is loaded into the process chamber 32 
and thus the process chamber 32 is sealed by the seal cap 24, 
the process chamber 32 is exhausted to beloW a predeter 
mined pressure by the vacuum pump 36 connected to the 
exhaust pipe 35, and poWer supplied to the heater unit 34 is 
increased, so that temperature of the process chamber 32 is 
increased to a predetermined level. 
[0079] Since the heater unit 34 has a hot Wall type structure, 
the temperature of the process chamber 32 is uniformly main 
tained all over, so that the temperature distribution of the 
group of the Wafers 1 held in the boat 25 is uniform in entirety 
and simultaneously the temperature distribution of the sur 
face of each Wafer 1 is also uniform and equal. 
[0080] After the temperature of the process chamber 32 
reaches a preset value and thus becomes stable, the ?lm 
forming process using theALD methodto be described beloW 
is performed. 
[0081] When a predetermined ?lm forming process is com 
pleted, the seal cap 24 is moved doWnWard by the boat eleva 
tor 22, and the fumace throat 33 is opened and the group of the 
Wafers 1 held in the boat 25 is unloaded through the furnace 
throat 33 to the outside of the process chamber 32. 
[0082] The group of the Wafers 1 unloaded to the outside of 
the process chamber 32 is discharged from the boat 25 by the 
Wafer transfer apparatus 19. 
[0083] By repeating the above operations, a plurality of 
Wafers 1 are batch-processed. 
[0084] Next, explanation Will be given on the ?lm forming 
process using the ALD method When a silicon nitride ?lm is 
formed by using dichlorosilane gas and ammonia gas. 
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[0085] In case Where the silicon nitride ?lm is formed by 
using the dichlorosilane gas and the ammonia gas, the fol 
loWing ?rst step, second step and third step are sequentially 
performed. 
[0086] In the ?rst step, the ammonia gas requiring plasma 
excitation and the dichlorosilane gas requiring no plasma 
excitation are supplied together. 
[0087] As shoWn in FIG. 6, the on-off valve 53 installed in 
the gas supply pipe 50 and the variable ?oW rate control valve 
37 installed in the exhaust pipe 35 are all opened. The ammo 
nia gas 71 supplied from the gas supply pipe 50 and having the 
How rate controlled by the variable ?oW rate control valve 52 
is sprayed into the plasma chamber 48 through the gas supply 
hole 55 of the noZZle 54. 

[0088] Furthermore, the high-frequency poWer from the 
high-frequency poWer source 58 is applied betWeen the pair 
of the discharge electrodes 57 through the matching device 
59. As the ammonia gas 71 sprayed into the plasma chamber 
48 is plasma-excited, it is supplied into the process chamber 
32 as the active species 72 and is exhausted through the 
exhaust pipe 35. 
[0089] When the ammonia gas 71 is plasma-excited and 
supplied into the process chamber 32 as the active species and 
then exhausted, the pressure of the process chamber 32 is set 
to 10-100 Pa by properly adjusting the variable ?oW rate 
control valve 37. 

[0090] The supply ?oW rate of the ammonia gas 71 con 
trolled by the variable ?oW rate control valve 52 is 1000 
10000 sccm. 

[0091] The exposure time of the Wafer 1 to the active spe 
cies 72 obtained by the plasma excitation of the ammonia gas 
71 is 2-120 seconds. In this case, the control temperature of 
the heater unit 34 is set so that the temperature of the Wafer 
becomes 300-600° C. Since the reaction temperature of the 
ammonia gas 71 is high, it does not react at the temperature of 
the Wafer (300-600° C.). Therefore, by plasma-exciting the 
ammonia gas 71 and supplying it as the active species 72, the 
ammonia gas 71 can be deposited on the Wafer 1 even though 
the Wafer 1 is in a loW temperature range. 

[0092] When the ammonia gas 71 is plasma-excited and 
supplied into the process chamber 32 as the active species 72, 
as shoWn in FIG. 6, the upstream on-off valve 41 of the gas 
supply pipe 38 is opened and the doWnstream on-off valve 43 
is closed, so that the dichlorosilane gas 73 requiring no 
plasma excitation ?oWs to the gas tank 42. Therefore, the 
dichlorosilane gas 73 is stored in the gas tank 42 installed 
betWeen the upstream on-off valve 41 and the doWnstream 
on-off valve 43. 

[0093] In this case, the gas ?oWing inside the process cham 
ber 32 is the active species 72 obtained by the plasma excita 
tion of the ammonia gas 71, and the dichlorosilane gas 73 
does not exist inside the process chamber 32. Thus, the 
ammonia gas 71 does not make vapor phase reaction, and the 
ammonia gas 71 Which is supplied as the active species 72 by 
the plasma excitation makes the surface reaction With a base 
?lm on the Wafer 1. 

[0094] In the second step, as shoWn in FIG. 7, the on-off 
valve 53 of the gas supply pipe 50 is closed so that the supply 
of the ammonia gas 71 is stopped. 

[0095] MeanWhile, the dichlorosilane gas 73 continues to 
be supplied to the gas tank 42. When a predetermined amount 
of the dichlorosilane gas 73 is stored in the gas tank 42 at a 
predetermined pressure, the upstream on-off valve 41 is 
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closed (see FIG. 3). Thus, the dichlorosilane gas 73 is stored 
in the gas tank 42 until the pres sure becomes more than 20000 
Pa. 
[0096] Furthermore, the variable ?oW rate control valve 40, 
the on-off valves 41 and 43 and the variable ?oW rate control 
valve 37 are controlled by the controller 60 so that the con 
ductance betWeen the gas tank 42 and the process chamber 32 
becomes more than l.5><l0_3 m3/s. 
[0097] Moreover, considering the ratio of the volume of the 
process chamber 32 to the necessary volume of the gas tank 
42, When the volume ofthe process chamber 32 is 100 1, it is 
preferable that the volume of the gas tank 42 is 100-300 cc. 
Also, in vieW of the volume ratio, it is preferable that the gas 
tank 42 is 1/1000-3/1000 times the volume of the process chamber 
32. 
[0098] Therefore, as shoWn in FIG. 7, by maintaining the 
variable ?oW rate control valve 37 of the exhaust pipe 35 in an 
opened state and exhausting the process chamber 32 to beloW 
20 Pa by the vacuum pump 36, the remaining ammonia gas 71 
is removed from the process chamber 32. In this case, if inert 
gas such as nitrogen gas is supplied into the process chamber 
32, the remaining ammonia gas 71 can be more effectively 
removed from the process chamber 32. 
[0099] In the third step, as shoWn in FIG. 8, When the 
exhaust of the process chamber 32 is completed, the variable 
?oW rate control valve 37 of the exhaust pipe 35 is closed so 
that the exhaust is stopped, and simultaneously the doWn 
stream on-off valve 43 of the gas supply pipe 38 is opened. 
Thus, the dichlorosilane gas 73 stored in the gas tank 42 is 
supplied into the process chamber 32 at a time. In this case, 
since the variable ?oW rate control valve 37 of the exhaust 
pipe 35 is closed, the pressure inside the process chamber 32 
is rapidly increased up to about 931 Pa (7 Torr). 
[0100] The supply time of the dichlorosilane gas 73 is set to 
2-4 seconds, and the exposure time to the increased pres sure 
environment is set to 2-4 seconds, so that a total time becomes 
6 seconds. In this case, the temperature of the Wafer is 300 
6000 C. like in the case of supplying the ammonia gas 71. 
[0101] Due to the supply of the dichlorosilane gas 73, the 
surface reaction occurs betWeen the ammonia gas 71 and the 
dichlorosilane gas 73 on the base layer of the Wafer 1, and the 
silicon nitride ?lm is formed on the Wafer 1. 
[0102] Although not shoWn, after the ?lm formation, the 
doWnstream on-off valve 43 is closed and simultaneously the 
variable ?oW rate control valve 37 is opened. Thus, the pro 
cess chamber 32 is vacuum-exhausted, and the dichlorosilane 
gas 73 remaining after contributing to the ?lm formation is 
removed. At this point, if the inert gas such as the nitrogen gas 
is supplied into the process chamber 32, the dichlorosilane 
gas 73 remaining after contributing to the ?lm formation can 
be more effectively removed from the process chamber 32. 
[0103] Therefore, the upstream on-off valve 41 is opened, 
and the supply of the dichlorosilane gas 73 to the gas tank 42 
in the ?rst step is started. 
[0104] The ?rst step to third step are set as 1 cycle, and such 
a cycle is repeated a plurality of times to form the silicon 
nitride ?lm on the Wafer 1 to a predetermined thickness. 

[0105] In the ALD method, source gas is adsorbed onto the 
surface of the base layer. An adsorbed amount of the source 
gas is proportional to the pressure of the source gas and the 
exposure time of the source gas. Therefore, in order to adsorb 
a desired amount of the source gas in a short time, it is 
necessary to raise the pressure of the source gas in a short 
time. 
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[0106] In the current embodiment, since the variable ?oW 
rate control valve 37 is closed and then the dichlorosilane gas 
73 stored in the gas tank 42 is instantaneously supplied to the 
process chamber 32, the pressure of the dichlorosilane gas 73 
in the process chamber 32 can be rapidly raised, and a desired 
amount of the dichlorosilane gas 73 can be instantaneously 
adsorbed. 

[0107] Furthermore, in the current embodiment, a special 
step (time) for storing the dichlorosilane gas 73 in the gas tank 
42 is not required. This is because the dichlorosilane gas 73 is 
stored in the gas tank 42 during the time When the ammonia 
gas 71 is plasma-excited and supplied as the active species 72 
and the process chamber 32 is exhausted. 

[0108] Furthermore, since the ammonia gas 71 is removed 
by exhausting the inside of the process chamber 32 and then 
the dichlorosilane gas 73 is supplied into the process chamber 
32, the ammonia gas 71 and the dichlorosilane gas 73 does not 
react With each other in the course of ?oWing toWard the Wafer 
1. That is, the dichlorosilane gas 73 supplied into the process 
chamber 32 effectively reacts With only the ammonia gas 71 
Which is previously adsorbed onto the Wafer 1. 
[0109] HoWever, as shoWn in FIG. 9A, When one end of 
each of the pair of the discharge electrodes 57 is opened, it is 
not matched With the impedance of the electrical line. Thus, 
as shoWn in FIG. 9B, the voltage standing Wave is generated. 
For this reason, the voltage amplitude is large at the front ends 
of the pair of the discharge electrodes 57 and is decreasing as 
closer to the high-frequency poWer source 58, and becomes a 
minimum value at any point and then again increases. 
[0110] Since the difference of the voltage amplitude 
according to the position of the pair of the discharge elec 
trodes 57 causes the plasma intensity to be varied according to 
the position, the plurality of stacked Wafers cannot be uni 
formly processed in the above-mentioned ALD method. 
[0111] In the ALD apparatus 10 relevant to the current 
embodiment, since the impedance is changed by the variable 
impedance element 62 connected betWeen the upper ends of 
the pair of the discharge electrodes 57, the voltage distribu 
tion can be changed to the curves A-B-C shoWn in FIG. 4C by 
changing the output frequency of the high-frequency poWer 
source 58. 

[0112] By changing the output frequency of the high-fre 
quency poWer source 58 during the plasma discharge, the 
local minimum point of the voltage distribution is shifted. In 
this Way, the plasma generation amount Within the pair of the 
discharge electrodes 57 can be uniformiZed. Preferably, the 
output frequency keeps being changed during the plasma 
discharge. 
[0113] Furthermore, the variation rate of the output fre 
quency can be electrically changed. The variation amount of 
the output frequency is determined according to the balance 
With the coil 64. 

[0114] Explanation Will be given on the case Where the 
output frequency of the high-frequency poWer source 58 is 
equal to the parallel resonance frequency of the variable 
impedance element 62. 
[0115] In this case, since the variable impedance element 
62 parallel-resonates and becomes high impedance, the volt 
age distribution is represented by the solid-line curve B of 
FIG. 4C. The voltage distribution of this case is equal to that 
of the case Where the variable impedance element 62 is not 
connected betWeen the pair of the discharge electrodes 57 
(see FIG. 9). 
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[0116] Next, explanation Will be given on the case Where 
the output frequency of the high-frequency power source 58 
is loWer than the parallel resonance frequency of the variable 
impedance element 62. 
[0117] In this case, since the variable impedance element 
62 becomes inductive (see FIG. 4D), the voltage distribution 
is represented by the dot-dashed-line curve of FIG. 4C. 
[0118] Next, explanation Will be given on the case Where 
the output frequency of the high-frequency poWer source 58 
is higher than the parallel resonance frequency of the variable 
impedance element 62. 
[0119] In this case, since the variable impedance element 
62 becomes capacitive (see FIG. 4D, the voltage distribution 
is represented by the dashed-line curve A of FIG. 4C. 
[0120] Although any output frequency is applicable, it is 
particularly effective to a vertical type apparatus When the 
length of the substrate region (total boat length) is less than 1/2 
Wavelength in vieW of the substrate stacking direction. If the 
frequency increases, the plasma density increases but the 
Wavelength becomes short, Which Will degrade the process 
ing uniformity betWeen the substrates. 
[0121] The detailed description Will be made beloW. 
[0122] In the case Where the substrate region length (total 
boat length) is greater than 1/2 Wavelength in vieW of the 
substrate stacking direction, since the difference of the volt 
age amplitude Within the substrate region (total boat length) is 
small, the plasma generation amount Within the pair of the 
discharge electrodes can be uniformiZed by moving the local 
minimum point of the voltage distribution at the outside of the 
substrate region (the ?at part of the Wave is allocated to the 
substrate region). 
[0123] 7»:c/fWhere 7» is the Wavelength, c is the light speed 
(:3><103), and f is the frequency. For example, if the fre 
quency (f) is 13.56 MHZ, the Wavelength (7») is 22.1 m. Thus, 
1/2 Wavelength (7») is 11.1 m, and 1A Wavelength (7») is 5.5 m. 
If the substrate region length (total boat length) is less than 
1 1 .1 min vieW of the substrate stacking direction, the uniform 
processing can be achieved Without changing the output fre 
quency. 
[0124] Next, in the case Where the substrate region length 
(total boat length) is less than 1/2 Wavelength in vieW of the 
substrate stacking direction, the plasma generation amount 
Within the pair of the discharge electrodes can be uniformiZed 
by moving the local minimum point of the voltage distribu 
tion through the variation of the output frequency during the 
plasma generation. 
[0125] For example, if the frequency (f) is 27.12 MHZ, the 
Wavelength (7») is 11.1 m, 1/2 Wavelength (7») is 5.5 m, and 1A 
Wavelength (7») is 2.8 m. Furthermore, if the frequency (f) is 
40.68 MHZ, the Wavelength (7») is 7.4 m, 1/2 Wavelength (7») is 
3.7 m, and 1A Wavelength (7») is 1.8 m. Thus, When the sub 
strate region length (total boat length) in the substrate stack 
ing direction is less than 5.5 m if the output frequency used is 
27.12 MHZ and the substrate region length is less than 3.7 m 
if the output frequency used is 40.68 MHZ, the plasma gen 
eration amount Within the pair of the discharge electrodes can 
be uniformiZed by continuing to move the local minimum 
point of the voltage distribution during the plasma generation. 
[0126] According to the above-described embodiments, 
the processing non-uniformity can be prevented because the 
difference of the plasma distribution according to the loca 
tions is prevented by changing the voltage distribution Within 
a pair of electrodes. 
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[0127] According to the above-described embodiments, 
the folloWing effects can be obtained. 

[0128] 1) By connecting the variable impedance element 
betWeen the open ends of a pair of discharge electrodes, it is 
possible to change the output frequency of the high-frequency 
and move the local minimum point of the voltage distribution 
during the plasma discharge. Thus, the plasma generation 
amount Within the pair of the discharge electrodes can be 
uniformiZed. 

[0129] 2) By uniformiZing the plasma generation amount 
Within the pair of the discharge electrodes, the processing 
non-uniformity betWeen the Wafers stacked in the boat is 
suppressed. Thus, the plasma processing can be uniformiZed 
over the total boat length. 

[0130] 3) By uniformiZing the plasma processing over the 
total boat length, the yield of the IC fabrication method, in 
addition to the ALD method by the ALD apparatus, can be 
improved. Furthermore, the IC quality and reliability can be 
improved. 
[0131] 4) Furthermore, by uniformiZing the plasma pro 
cessing over the total boat length, the ALD apparatus can 
achieve the stable process at a loW temperature. 

[0132] The present invention is not limited to the above 
described embodiments, and it is obvious that various 
changes can be made Without departing from the scope of the 
invention. 

[0133] For example, the variable impedance element is not 
limited to the constitution con?gured by the variable con 
denser and the coil. 

[0134] Although it has been described in the above-de 
scribed embodiment that the silicon nitride ?lm is formed 
appropriately and precisely at a loW temperature by supplying 
dichlorosilane and ammonia alternately, the ALD apparatus 
can be applied to the case of removing carbon from Ta2o5 ?lm 
of the static capacitance part of the capacitor, the case of 
removing foreign particles from other ?lms (molecules or 
atoms except for the ?lms, and the case of forming, diffusing 
or thermally treating an ALD ?lm on the Wafer. 

[0135] For example, inperforming a nitration process on an 
oxide ?lm for a gate electrode of a DRAM as one example of 
IC, the surface of the oxide ?lm can be nitrated by supplying 
nitrogen gas or ammonia gas or nitrous oxide (N 20) to the gas 
supply pipe and heating the process chamber to room tem 
perature to 7500 C. 

[0136] Furthermore, before forming a silicon germanium 
(SiGe) ?lm, the surface of the silicon Wafer is plasma pro 
cessed by the active particles of hydrogen (H2) gas. Thus, a 
natural oxide ?lm can be removed, and a desired SiGe ?lm 
can be formed. 

[0137] Moreover, although the ALD apparatus has been 
described in the above-described embodiments, the present 
invention is not limited to the ALD apparatus, but can be 
applied to various substrate processing apparatuses such as a 
CVD apparatus, an oxide ?lm forming apparatus, a diffusion 
apparatus, and an annealing apparatus. 
[0138] Although the Wafer processing has been described 
in the above-described embodiments, the object to be treated 
may be a photo-mask, a printed circuit board, an LCD panel, 
a compact disk, and a magnetic disk (MD). 

[0139] (Supplementary Note) 
[0140] The present invention includes the folloWing 
embodiments. 
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[0141] (Supplementary Note 1) 
[0142] According to an embodiment of the present inven 
tion, there is provided a substrate processing apparatus, com 
prising: a process chamber con?gured to accommodate 
loaded substrates; a gas supply system con?gured to supply a 
process gas to the substrates; a pair of electrodes arranged in 
a stacked direction of the substrates; a hi gh-frequency poWer 
source con?gured to supply a high-frequency poWer to the 
pair of the electrodes to generate plasma for exciting the 
process gas; a variable impedance element connected to a 
front end opposite to the high-frequency poWer source in the 
pair of the electrodes; and a control unit con?gured to change 
an output frequency of the high-frequency poWer source dur 
ing the processing of the substrates. 
[0143] (Supplementary Note 2) 
[0144] Preferably, the pair of the electrodes has a rod shape 
having one end opened. 
[0145] (Supplementary Note 3) 
[0146] Preferably, the substrate processing apparatus fur 
ther comprises: a pair of protecting pipes having upper ends 
closed, and disposed to cover the pair of the electrodes; and a 
mounting pipe air-tightly sealed betWeen the pair of the pro 
tecting pipes, Wherein the variable impedance element is 
disposed inside the mounting pipe. 
[0147] (Supplementary Note 4) 
[0148] Preferably, the variable impedance element is con 
?gured by a parallel resonance circuit comprising a coil and a 
variable condenser arranged in parallel, and both ends of the 
variable impedance element are connected in series to the pair 
of the electrodes. 

[0149] (Supplementary Note 5) 
[0150] Preferably, the control unit controls the high-fre 
quency poWer source to continue to change the output fre 
quency of the high-frequency poWer source at least during the 
generation of the plasma. 
[0151] (Supplementary Note 6) 
[0152] According to another embodiment of the present 
invention, there is provided a substrate processing apparatus, 
comprising: a reaction tube con?gured to accommodate sub 
strates and partitioned into a ?lm forming space Where 
desired ?lms are formed on the substrates, and a plasma 
generation space Where plasma is generated; a ?rst gas supply 
system con?gured to supply a ?rst process gas to the ?lm 
forming space; a second gas supply system con?gured to 
supply a second process gas to the plasma generation space; 
a pair of electrodes disposed in the plasma generation space; 
a high-frequency poWer source con?gured to supply a high 
frequency poWer to the pair of the electrodes to generate 
plasma for exciting the second process gas; a variable imped 
ance element connected to a front end opposite to the high 
frequency poWer source in the pair of the electrodes; and a 
control unit con?gured to control at least the ?rst gas supply 
system, the second gas supply system, and the high-fre 
quency poWer source, Wherein the control unit controls the 
?rst gas supply system, the second gas supply system and the 
high-frequency poWer source so that the ?rst process gas and 
the second process gas excited by the plasma are alternately 
supplied to form a ?lm on the surface of the substrate, and the 
control unit changes the output frequency of the high-fre 
quency poWer source during the generation of the plasma. 
[0153] (Supplementary Note 7) 
[0154] Preferably, the pair of the electrodes has a rod shape 
having one end opened. 
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[0155] (Supplementary Note 8) 
[0156] Preferably, the substrate processing apparatus fur 
ther comprises: a pair of protecting pipes having upper ends 
closed, and disposed to cover the pair of the electrodes; and a 
mounting pipe air-tightly sealed betWeen the pair of the pro 
tecting pipes, Wherein the variable impedance element is 
disposed inside the mounting pipe. 
[0157] 
[0158] Preferably, the variable impedance element is con 
?gured by a parallel resonance circuit comprising a coil and a 
variable condenser arranged in parallel, and both ends of the 
variable impedance element are connected in series to the pair 
of the electrodes. 

[0159] 
[0160] Preferably, the control unit controls the high-fre 
quency poWer source to continue to change the output fre 
quency of the high-frequency poWer source at least during the 
generation of the plasma. 
[0161] 
[0162] According to another embodiment of the present 
invention, there is provided a method for manufacturing a 
semiconductor device, the method comprising: (a) loading a 
substrate into a process chamber; (b) exposing the substrate to 
a ?rst process gas; (c) exhausting the ?rst process gas; (d) 
exposing the substrate to a second process gas Which is 
plasma-excited by applying a high-frequency poWer from a 
high-frequency poWer source to a pair of electrodes; (e) 
exhausting the second process gas; and (f) unloading the 
substrate from the process chamber, Wherein a ?lm is formed 
on the substrate by repeating the operations (b)~(e) alter 
nately a plurality of times, and the output frequency of the 
high-frequency poWer source is changed in the operation (d). 
[0163] (Supplementary Note 12) 
[0164] Preferably, the output frequency of the high-fre 
quency poWer source are changed a plurality of times at a 
predetermined period in the operation (d). 
[0165] (Supplementary Note 13) 
[0166] According to another aspect of the present inven 
tion, there is provided a substrate processing apparatus, com 
prising: a reaction tube con?gured to accommodate a plural 
ity of substrates in stacks and form a substrate processing 
space; a Wall member comprising a plurality of small holes 
installed in a substrate stacking direction and forming a buffer 
space of a process gas together With a part of a Wall of the 
reaction tube; a gas supply unit communicating With the 
inside of the buffer space and supplying the process gas into 
the buffer space; a pair of electrodes disposed inside the 
buffer space to form an activation region of a reaction gas; a 
high-frequency poWer source supplying a high-frequency 
poWer to the pair of electrodes and generating plasma for 
activating the process gas, Wherein the gas supplied from the 
gas supply unit is activated inside the buffer space, and the 
substrate is processed by introducing the activated gas into 
the substrate processing space through the plurality of small 
holes; a variable impedance element connected to a front end 
opposite to the high-frequency poWer source in the pair of the 
electrodes; and a control unit con?gured to change an output 
frequency of the high-frequency poWer source during the 
processing of the substrates. 

[0167] 
[0168] Preferably, the pair of the electrodes has a rod shape 
having one end opened. 

(Supplementary Note 9) 

(Supplementary Note 10) 

(Supplementary Note 11) 

(Supplementary Note 14) 
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[0169] (Supplementary Note 15) 
[0170] Preferably, the substrate processing apparatus fur 
ther comprises: a pair of protecting pipes having upper ends 
closed, and disposed to cover the pair of the electrodes; and a 
mounting pipe air-tightly sealed betWeen the pair of the pro 
tecting pipes, Wherein the variable impedance element is 
disposed inside the mounting pipe. 
[0171] (Supplementary Note 16) 
[0172] Preferably, the variable impedance element is con 
?gured by a parallel resonance circuit comprising a coil and a 
variable condenser arranged in parallel, and both ends of the 
variable impedance element are connected in series to the pair 
of the electrodes. 
[0173] (Supplementary Note 17) 
[0174] Preferably, the control unit controls the high-fre 
quency poWer source to continue to change the output fre 
quency of the high-frequency poWer source at least during the 
generation of the plasma. 

What is claimed is: 
1. A substrate processing apparatus, comprising: 
a process chamber con?gured to accommodate loaded sub 

strates; 
a gas supply system con?gured to supply a process gas to 

the substrates; 
a pair of electrodes arranged in a stacked direction of the 

substrates; 
a high-frequency poWer source con?gured to supply a 

high-frequency poWer to the pair of the electrodes to 
generate plasma for exciting the process gas; 

a variable impedance element connected to a front end 
opposite to the high-frequency poWer source in the pair 
of the electrodes; and 

a control unit con?gured to change an output frequency of 
the high-frequency poWer source during the processing 
of the substrates. 

2. The substrate processing apparatus of claim 1, Wherein 
the pair of the electrodes has a rod shape having one end 
opened. 

3. The substrate processing apparatus of claim 1, further 
comprising: 

a pair of protecting pipes having upper ends closed, and 
disposed to cover the pair of the electrodes; and 

a mounting pipe air-tightly sealed betWeen the pair of the 
protecting pipes, 

Wherein the variable impedance element is disposed inside 
the mounting pipe. 

4. The substrate processing apparatus of claim 3, Wherein 
the variable impedance element is con?gured by a parallel 
resonance circuit comprising a coil and a variable condenser 
arranged in parallel, and both ends of the variable impedance 
element are connected in series to the pair of the electrodes. 

5. The substrate processing apparatus of claim 1, Wherein 
the control unit controls the high-frequency poWer source to 
continue to change the output frequency of the high-fre 
quency poWer source at least during the generation of the 
plasma. 

6. A substrate processing apparatus, comprising: 
a reaction tube con?gured to accommodate substrates and 

partitioned into a ?lm forming space Where desired ?lms 
are formed on the substrates, and a plasma generation 
space Where plasma is generated; 

a ?rst gas supply system con?gured to supply a ?rst process 
gas to the ?lm forming space; 
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a second gas supply system con?gured to supply a second 
process gas to the plasma generation space; 

a pair of electrodes disposed in the plasma generation 
space; 
high-frequency poWer source con?gured to supply a 
high-frequency poWer to the pair of the electrodes to 
generate plasma for exciting the second process gas; 

a variable impedance element connected to a front end 
opposite to the high-frequency poWer source in the pair 
of the electrodes; and 

a control unit con?gured to control at least the ?rst gas 
supply system, the second gas supply system, and the 
high-frequency poWer source, 

Wherein the control unit controls the ?rst gas supply sys 
tem, the second gas supply system and the high-fre 
quency poWer source so that the ?rst process gas and the 
second process gas excited by the plasma are alternately 
supplied to form a ?lm on the surface of the substrate, 
and the control unit changes the output frequency of the 
high-frequency poWer source during the generation of 
the plasma. 

7. The substrate processing apparatus of claim 6, Wherein 
the pair of the electrodes has a rod shape having one end 
opened. 

8. The substrate processing apparatus of claim 6, further 
comprising: 

a pair of protecting pipes having upper ends closed, and 
disposed to cover the pair of the electrodes; and 

a mounting pipe air-tightly sealed betWeen the pair of the 
protecting pipes, 

Wherein the variable impedance element is disposed inside 
the mounting pipe. 

9. The substrate processing apparatus of claim 8, Wherein 
the variable impedance element is con?gured by a parallel 
resonance circuit comprising a coil and a variable condenser 
arranged in parallel, and both ends of the variable impedance 
element are connected in series to the pair of the electrodes. 

10. The substrate processing apparatus of claim 6, Wherein 
the control unit controls the high-frequency poWer source to 
continue to change the output frequency of the high-fre 
quency poWer source at least during the generation of the 
plasma. 

11. A method for manufacturing a semiconductor device, 
the method comprising: 

(a) loading a substrate into a process chamber; 
(b) exposing the substrate to a ?rst process gas; 
(c) exhausting the ?rst process gas; 
(d) exposing the substrate to a second process gas Which is 

plasma-excited by applying a high-frequency poWer 
from a high-frequency poWer source to a pair of elec 

trodes; 
(e) exhausting the second process gas; and 
(f) unloading the substrate from the process chamber, 
Wherein a ?lm is formed on the substrate by repeating the 

operations (b)~(e) alternately a plurality of times, and 
the output frequency of the high-frequency poWer 
source is changed in the operation (d). 

12. The method of claim 11, Wherein the output frequency 
of the high-frequency poWer source are changed a plurality of 
times at a predetermined period in the operation (d). 

13. A substrate processing apparatus, comprising: 
a reaction tube con?gured to accommodate a plurality of 

substrates in stacks and form a substrate processing 
space; 
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a Wall member comprising a plurality of small holes 
installed in a substrate stacking direction and forming a 
buffer space of a process gas together With a part of a 
Wall of the reaction tube; 

a gas supply unit communicating With the inside of the 
buffer space and supplying the process gas into the 
buffer space; 

a pair of electrodes disposed inside the buffer space to form 
an activation region of a reaction gas; 

a hi gh-frequency poWer source supplying a high-frequency 
poWer to the pair of electrodes and generating plasma for 
activating the process gas, Wherein the gas supplied from 
the gas supply unit is activated inside the buffer space, 
and the substrate is processed by introducing the acti 
vated gas into the substrate processing space through the 
plurality of small holes; 

a variable impedance element connected to a front end 
opposite to the high-frequency poWer source in the pair 
of the electrodes; and 

a control unit con?gured to change an output frequency of 
the high-frequency poWer source during the processing 
of the substrates. 
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14. The substrate processing apparatus of claim 13, 
Wherein the pair of the electrodes has a rod shape having one 
end opened. 

15. The substrate processing apparatus of claim 13, further 
comprising: 

a pair of protecting pipes having upper ends closed, and 
disposed to cover the pair of the electrodes; and 

a mounting pipe air-tightly sealed betWeen the pair of the 
protecting pipes, 

Wherein the variable impedance element is disposed inside 
the mounting pipe. 

16. The substrate processing apparatus of claim 13, 
Wherein the variable impedance element is con?gured by a 
parallel resonance circuit comprising a coil and a variable 
condenser arranged in parallel, and both ends of the variable 
impedance element are connected in series to the pair of the 
electrodes. 

17. The substrate processing apparatus of claim 13, 
Wherein the control unit controls the high-frequency poWer 
source to continue to change the output frequency of the 
high-frequency poWer source at least during the generation of 
the plasma. 


